Abstract. We present an automated dynamic chamber system which is optimised for continuous unattended flux measurements of multiple non-reactive and reactive trace gases on grassland ecosystems. Main design features of our system are (a) highly transparent chamber walls consisting of chemically inert material, (b) individual purging flow units for each chamber, and (c) a movable lid for automated opening and closing of the chamber. The purging flow rate was chosen high enough to keep the mean residence time of the chamber air below one minute. This guarantees a proven efficient mixing of the chamber volume and a fast equilibration after lid closing. The dynamic chamber system is able to measure emission as well as deposition fluxes of trace gases. For the latter case, the modification of the turbulent transport by the chamber (compared to undisturbed ambient conditions) is quantitatively described by a bulk resistance concept.
Introduction
Grassland ecosystems cover a large fraction (21%) of the global terrestrial surface (Butcher et al., 1992) . They are sources and sinks for numerous non-reactive (e.g. CO 2 , N 2 O, CH 4 ) and reactive (e.g. NO, NO 2 , NH 3 , O 3 , VOC) trace gases which play an important role in atmospheric chemistry and air pollution (Brunner et al., 2007a; Bassin et al., 2007; Tilsner et al., 2003; Herrmann et al., 2001) . Grassland ecosystems are characterised by distinct dynamics with respect to vegetation growth, species diversity, and management effects. Therefore, trace gas emission from grassland is highly variable (diurnal, seasonal) and often event related, e.g. pulse-like emissions following fertilisation, cut, rain, blooming, etc. (e.g. Bakwin et al., 1990; Davison et al., 2008; Meixner et al., 1997) .
Grassland vegetation is delicate and may easily be affected by measurement installations. Furthermore, it may undergo several management activities which require periodical removal of field installations. Therefore, the ideal flux measurement setup for grassland should be robust and mobile. It should facilitate automated (quasi-) continuous measurements at multiple points or sub-plots to capture diurnal and seasonal variations as well as spatial variability
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(on large fields) or management effects (on small parallel plots). The disturbance of environmental conditions (e.g. radiation, temperature, humidity, trace gas concentrations) by measurement installations should be minimised in order to ensure optimum vegetation development and plant physiological activity. This is particularly important for flux measurement of those trace gases whose exchange process is predominantly controlled by plant stomatal activity. Micrometeorological methods (e.g. eddy covariance methods) are optimal concerning minimal disturbance. However, they are limited to large fields (with extensions of typically ≥100 m; see Horst and Weil, 1994) and to few trace gases for which fast (time response of 1 Hz or higher) and very sensitive sensors are available. For smaller plots (usually used for manipulation experiments), chamber methods are the main alternative to micrometeorological techniques. One chamber typically covers a surface area of 0.01 to 1 m 2 (Livingston and Hutchinson, 1995) . Using multiple spatially distributed chambers, the flux variability (heterogeneity) of larger field areas can be assessed. Static (i.e. closed, non-stationary) chambers are widely used for flux measurements of greenhouse gases or other inert trace gases (see e.g. Pumpanen et al., 2004) . However, during the closed state (measurement phase) they usually cause non-constant environmental conditions inside the chamber which may be far away from ambient conditions (e.g. accumulation of heat and water vapour; strong depletion of CO 2 and other depositing trace gases). Thus, static chambers can considerably affect plant activity and consequently the emission or uptake processes of the trace gases of interest. The non-stationary conditions inside the chamber cause additional problems for reactive gases, because the influence of chemical sources or sinks is not constant and thus difficult to quantify.
For measuring the surface exchange of reactive trace gases, dynamic (i.e. steady-state, flow-through) chambers are more suitable (Meixner, 1994) . Continuous renewal of the chamber air guarantees that trace gas concentrations and other related quantities remain (quasi-) constant and close to ambient conditions. The design and operation characteristics of dynamic chambers reported so far were usually adjusted to the requirements of a specific trace gas and focussed on either plant-air or soil-air exchange. Many of the chambers were operated manually and thus could only be applied in the field during intensive short campaigns or with a very low time resolution (in the order of weeks).
In this paper we present an automated dynamic chamber system which is optimised for continuous unattended flux measurements of multiple non-reactive and reactive trace gases on grassland ecosystems. The development of this system is based on previous (partly automated) systems used for NO, NO 2 , and O 3 exchange of marshland, heath, and wheat fields (Remde et al., 1993; Ludwig, 1994; Meixner, 1994) and forest soil (Gut et al., 2002a, b; Lehmann, 2002) , as well as for the reactive organic trace gas exchange of tree branches (Kesselmeier et al., 1997; Kuhn et al., 2002) . Main features of our system are (a) highly transparent chamber walls consisting of chemically inert material to minimise wall loss of reactive trace gases, (b) individual purging flow units for each chamber, and (c) an automated lid so that the chamber can be kept open except for the short measurement periods. Beside a detailed description of the design and functioning of the system, we will present results of specific test measurements, and exemplary results of field applications of our system at two different grassland sites.
Materials and methods

Dynamic chamber theory
Chamber flux of inert trace gases
For any chamber system, the flux F cham of an inert trace gas (i.e. no chemical reactions with other air constituents or with the chamber walls) between the plant-soil system and the chamber air is determined by the mass balance of the trace gas in the enclosed headspace. As derived in Appendix B, it can be described as:
Here V denotes the volume and A the soil surface area enclosed by the chamber, and Q is the purging air flow rate. µ cham and µ amb are the trace gas mixing ratios of the inflowing ambient air and of the outflowing chamber air, respectively (see Fig. 1a ). ρ d is the density of the dry air molecules, and t denotes time. A complete list of symbols, abbreviations, and units is given in Appendix A. While for static chambers Q is zero, dynamic chambers are operated with a continuous purging of the chamber air. In this way, a dynamic equilibrium (steady-state) is developing, where the time derivative and time dependences in Eq. (1) vanish. Under equilibrium conditions, the mass budget equation for a dynamic chamber can thus be reduced and rearranged to:
Realisation of the dynamic chamber principle commonly follows some general assumptions and design features. Since the purging air flow (Q) through the chamber has to be known for the flux determination, it is usually produced and maintained constant by a pump or fan either at the inlet or at the outlet. With a sufficiently high purging air flow and/or with the help of additional internal mixing fans (see Sect. 2.2), the chamber headspace can be assumed to be well mixed, i.e. the trace gas mixing ratio (µ cham ) is uniform throughout the chamber and thus equals the mixing ratio of the out-flowing air (as already assumed in Eq. 1). (11); (b) Schematic bulk resistance model for the trace gas transfer between the ambient air at the chamber inlet and the soil-vegetation system in undisturbed conditions (left, see Eq. 3) and with the application of a dynamic chamber purged with ambient air (right, see Eq. 4).
Modification of turbulent transport by the chamber
As the most important characteristic of a dynamic chamber, the measured trace gas exchange should be as representative as possible, i.e. not affected (altered) by the application of the chamber itself. However, the alteration of the aerodynamic transport is an inherent unavoidable consequence of the application of dynamic chambers. Hence, trace gas concen-trations above and within the enclosed vegetation canopy are modified. In order to describe this effect in a quantitative way, we consider the common bulk resistance model (Hicks et al., 1987; Wesely and Hicks, 2000) and adjust it for the specific environment of the chamber volume. As shown in Fig. 1b , the total exchange resistance under ambient conditions outside the chamber consists of the sum of the turbulent resistance (R a ), the quasi-laminar boundary layer resistance (R b ), and the surface resistance (R c ). Thus the true trace gas flux in ambient conditions (F amb ) without the influence of a chamber can be written as:
The so-called "compensation point" (Wesely and Hicks, 2000) or "compensation mixing ratio" (µ comp ) represents a real or virtual concentration at the lower end of the resistance chain, i.e. inside the plant leaf or in the soil (for microbiological meaning of µ comp see Conrad, 1994) . For exclusively deposited compounds like O 3 or nitric acid (HNO 3 ), µ comp equals zero. The application of the dynamic chamber modifies the turbulence regime and thus the resistance chain for the trace gas exchange between the ambient air and the plant/soil system (see right-hand part of Fig. 1b) . The most obvious modification happens to R a . It is replaced by two resistances in series, namely the purging resistance (R purge ) between ambient and chamber air and the mixing resistance (R mix ), which represents the turbulent mixing inside the chamber. If the chamber air is reasonably well mixed by fans, R mix gets very small as shown by Ludwig (1994) . The forced mixing inside the chamber also results in a modified boundary layer resistance R * b as compared to R b outside of the chamber. As mentioned above, a fundamental requirement for the dynamic chamber technique is minimum alteration of the investigated source/sink processes of the trace gas of interest within plants and soil by the application of the chamber itself. If this requirement is fulfilled by an optimised chamber design (see below), the chamber compensation mixing ratio (µ * comp ) and the chamber surface resistance (R * c ) should be very close to the conditions outside of the chamber (i.e. µ * comp ≈µ comp and R * c ≈R c ), despite the modified aerodynamic transport regime. In analogy to Eq. (3), the chamber flux can be written as:
For depositing compounds with zero or low compensation points (µ comp µ amb ), F cham is generally affected by the modified transport through the chamber. The magnitude and direction of the modification strongly depends on the relative size of R c and the turbulence related resistances. This can be elucidated by the ratio of F cham and F amb following from Eqs. (3) and (4):
In non-modified ambient conditions, R a and R b are determined by the turbulence intensity and can be described as functions of the friction velocity u * and the thermal stability (Hicks et al., 1987) . In this way, the measured chamber flux determined by Eq. (2) can be corrected if all resistance values inside and outside the chamber can be quantified.
In the case of trace gas emissions (e.g. for NO and most VOCs), the underlying production processes in the soil and plants are usually independent of the respective ambient (2) transparent FEP film (yellow parts in the scheme), (3) clamp to attach chamber to soil frame, (4) moving lid, (5) lid motor, (6) lid inclinometer, (7) purging fan with ambient air inlet, (8) mass flow meter, (9) chamber air inlet, (10) chamber air outlet, (11) mixing fan, (12) soil frame, (13) sample tube for ambient air, (14) sample tube for chamber air.
36 Fig. 2 . Photograph and schematic of one individual dynamic chamber consisting of: (1) acrylic glass frame, (2) transparent FEP film (yellow parts in the scheme), (3) clamp to attach chamber to soil frame, (4) moving lid, (5) lid motor, (6) lid inclinometer, (7) purging fan with ambient air inlet, (8) mass flow meter, (9) chamber air inlet, (10) chamber air outlet, (11) mixing fan, (12) soil frame, (13) sample tube for ambient air, (14) sample tube for chamber air.
or chamber concentration (in contrast to the deposition processes). Thus the emission flux is not sensitive to the turbulence conditions in the air neither outside nor within the chamber, and a correction according to Eq. (5) is not necessary.
Chemical reactions inside the chamber
Reactive trace gases in the atmosphere, like e.g. NO, NO 2 , and O 3 , may be subject to (photo-) chemical reactions with typical time scales of the same order of magnitude like the residence time of air in the chamber. In this case, the determination of surface exchange fluxes by the dynamic chamber method has to take into account the relevant chemical sources and sinks in the chamber volume. For the specific case of NO, NO 2 , and O 3 the main gas-phase reactions outside and inside the chamber are (Remde et al., 1993; Warneck, 2000) :
Formulating the reaction kinetics for NO in Reactions (R1) and (R2) yields:
where k is the first order reaction rate constant of Reaction (R1) (see Appendix A) and j (NO 2 ) is the photolysis rate of NO 2 . The resulting net gas-phase source (S gp ) for NO within the chamber volume can be described as:
For ozone and NO 2 , the reaction kinetics of the gas phase Reactions (R1) and (R2) are equal or opposite to that of NO, and thus the corresponding net chemical source is related to Eq. (8) as:
Taking into account the net chemical source within the chamber volume, the mass budget in Eq.
(1) has to be expanded for any of the three reactive trace gases to:
and the corresponding chamber flux Eq. (2) is modified to:
2.2 Chamber design and operation
Our design of the dynamic chamber system (see Fig. 2 ) aims at a minimised modification of the trace gas exchange (cf. Sect. 2.1.2) but is also based on practical requirements concerning robustness and maintenance in the field. The chamber body has a cylindrical shape with 0.35 m inner diameter and 0.43 m height, resulting in an enclosed surface area (A) of 0.096 m 2 and a headspace volume (V ) of 0.041 m 3 . The manufacturer details of the used materials and parts are listed in Table 1 . The outer supporting frame and the In the field, the chamber is fixed on pre-installed PVC soil collars (depth 0.12 m, thickness 5 mm) by four aluminium clamps. Several holes in the supporting acrylic glass frame allow the installation of inlet and outlet ducts as well as of sample tubes, mixing fans, and sensors for environmental parameters. The purging air flow through the chamber is established by a blowing axial inlet fan (range: 0-80 l min −1 ) which is controlled by an air mass flow sensor (range: 0-200 l min −1 ). They are mounted outside the chamber frame and are connected via a 3 cm wide PVC inlet tube (Fig. 2) . The purging air enters the chamber volume 0.11 m above ground, while the outlet hole (3 cm diameter) is located 0.31 m above ground on the opposite side. The mass flow sensors were calibrated before and after field application using a laboratory mass flow meter (M+W Instruments, Germany). The variation between individual calibrations was less than 0.5%. Continuous turbulent mixing inside the chamber is maintained by two Teflon coated ultra slim fans (360 l min −1 at nominal voltage 12 V DC) blowing downwards.
The spectral radiation transmissivity of the chamber frame and body materials is illustrated in Fig. 3 . In the wavelength range of the photosynthetic active radiation (λ=400-700 nm) the transmissivity of the FEP film is around 0.95, while for the acrylic glass it is on average 0.81. In the ultraviolet wavelength domain (λ≤420 nm, comprising the photolysis frequency range for NO 2 (j (NO 2 ))) the FEP film has an average transmissivity of 0.9, while for the acrylic glass of frame and lid it is negligibly small. The average radiation transmissivity for the entire chamber volume is estimated as average of 50% FEP film only and 50% FEP film plus acrylic glass. This results in effective transmissivity values of about 0.86 for PAR and 0.48 for j (NO 2 ). For results of field measurements of the chamber transmissivity for j (NO 2 ) we refer to Sect. 3.3.
Up to six chambers can be combined to one system (see Fig. 4a ). Each chamber is connected to an individual controller module (ICO), which is installed in the field at 1-2 m distance from the chamber. A detailed schematic drawing of the ICO is displayed in Fig. 4b . The ICO supplies power for all consumers of the chamber (lid motor, purging and mixing fans). Further, it provides recording of the signals of operation-related sensors (flow meter, inclinometer) and various environmental sensors (probes for air temperature, soil temperature, soil water content, surface wetness). Three additional analogue input channels (0-10 V DC) and 3 analogue output channels (0-5 V DC) can be used to control additional measurement devices in the field. Finally, the ICO contains two PFA solenoid valves which control the gas sampling from the individual chambers to the gas analysers. The ICOs, which have unique addresses for serial bus communication, are connected in line by combined communication and power cables (24-30 V DC) and controlled by a central V25 microprocessor unit (see Fig. 4a ). The V25 is programmed (PASCAL based code) to send control commands and to read out the data from the ICOs every second. Monitoring the signals of the inclinometer and mass flow meter, it controls the motor for lid opening and closing as well as the inlet fan for the purging air flow by 1 s feedback loops. Further, it controls the DC output for switching the solenoid valves inside the ICOs and the ICOs' DC output for the mixing fans. The V25 unit has eight analogue input channels (0-10 V DC) by which the signals of trace gas analysers and other instruments can be recorded every second, while eight analogue output channels (0-10 V DC) may be used to control additional external devices. The V25 microprocessor may be operated manually via built-in keypad and display. This allows the user to control the chambers independently from any measurement cycle, e.g. for testing the status of individual components. Automatic control can be performed via RS232 communication. In the present study, a LabView (National Instruments Corp.) program, running on a personal computer, was used. The LabView program reads and processes the data from the V25 (chamber status, environmental sensors, and gas analysers) and stores them on hard disk. Furthermore, it allows to set the parameters for the measurement cycle and activates (closing and purging) and deactivates (opening and stop purging) the chambers accordingly.
The sample air flow for trace gas analysis is independent from the purging air flow. Ambient air (with mixing ratio µ amb ) is sampled from the inlet duct 2 cm before entering the chamber volume (no. 13 in Fig. 2 ), while chamber air (µ cham ) is sampled from the centre of the chamber's headspace 25 cm above ground (no. 14 in Fig. 2) . In order to minimise deposition losses in the sampling system all parts in contact with the sample gas are made of Teflon (PFA or PTFE). To prevent contamination of tubing and analysers, particulate matter is removed from the sample air by PTFE particulate filters (pore size: 5 µm). The sequential sampling of inlet and chamber air and the switching between multiple chambers is controlled by two 3-way PFA solenoid valves housed within the ICO control module of each chamber ( Fig. 4b ). As illustrated in Fig. 4a , this enables the sampling air entering one central sampling tube that connects up to six chambers sequentially. In order to prevent condensation in the central sampling tube it is heated by a self-limiting heating tape to a few degrees above ambient temperature. The sampling air flow is established by a central PTFE membrane pump (see 
Field experiments
The dynamic chamber system was tested and applied during two field experiments at managed grassland sites on the Swiss Central Plateau. As part of the COST 852 experiment (Quality legume-based forage systems for contrasting environments, see Nyfeler et al., 2009) and #2 had been planted with White clover and received a high (450 kg N ha −1 y −1 ) and low (50 kg N ha −1 y −1 ) fertilisation, respectively. Plots #3 and #4 had been planted with English ryegrass receiving similar high and low fertilisation levels.
Usually, one chamber was applied on each of the four plots. In addition, one "blank chamber" was operated on the site. In the blank chamber, the surface exchange is excluded by closing the bottom of the chamber by inert FEP film. The blank chamber is used to check for unconsidered chemical production or destruction processes within the chamber (in the gas phase or at the wall surfaces). The five chambers were sampled serially within each hour (cf. Fig. 5a ). Each individual chamber was closed for only 13 min to ensure minimum modification of environmental conditions. One minute before an individual measuring period (of 12 min duration) the normally open chamber lid was closed and the purging air flow was established. At the beginning of the measuring period, Valve #2 (see Fig. 4b ) was switched to sample ambient air from the chamber inlet for 4 min. Afterwards, chamber air was sampled for 4 min by switching Valve #1, followed by a second sampling of ambient air. At the end of the measuring period Valve #2 was disabled, the purging air flow was stopped, and the lid was opened. Measurements of trace gas concentrations were performed by chemiluminescence (NO, NO 2 ), UV-absorption (O 3 ), and non-dispersive infra-red absorption (CO 2 , H 2 O) analysers with a temporal resolution of 20 s. The analyser specifications are listed in Table 2 . It has to be noted that the aplied NO/NO 2 analyser uses a molybdenum converter for NO 2 that is not fully specific but can also convert other oxigenated nitrogen compounds to NO. However, an intercomparison with a more specific photolytic converter showed that this interference is usually less than 10% at the field site.
The second field experiment was conducted near the village of Oensingen in the north-western part of Switzerland (7 • 44 E, 47 • 17 N, 450 m a.s.l.) (see Ammann et al., 2007) . As part of the EU project CarboEurope-IP and the national project COGAS, surface exchange fluxes of CO 2 and volatile organic compounds (VOC) were measured on an intensively managed grassland (0.77 ha). At Oensingen the dynamic chamber system comprised three chambers (two regular chambers and one blank chamber) with individual measurement intervals of 10 min resulting in a total measurement cycle period of 30 min. Alternating with the chamber measurements, field scale methanol fluxes were measured using the eddy covariance method for 30 min within each hour (Brunner et al., 2007a) . Field scale CO 2 fluxes were measured continuously with a second eddy covariance system (Ammann et al., 2007) . These data were used to validate the quality of the fluxes measured with the dynamic chambers. The instruments used in this experiment and their specifications are also listed in Table 2 .
Chamber fluxes of CO 2 , H 2 O, and methanol were calculated according to Eq. (2), those for NO, NO 2 and O 3 according to Eqs. (8), (9), and (11). Due to the alternating (non-simultaneous) measurement of the ambient and chamber concentration, a temporally symmetric measurement schedule (µ amb →µ cham →µ amb ) was used for each chamber as illustrated in Fig. 5a , and the ambient concentration was averaged over both measurement phases of µ amb . In this way, temporal (linear) trends of the ambient concentration could be accounted for. However, short term variations of the ambient concentration could lead to an enhanced scatter of the chamber flux results. To limit this effect, the standard deviation of individual (20 s) measurements of µ amb was used as rejection criterion. Based on statistical analysis, individual thresholds for the standard deviations of NO, NO 2 , and O 3 , were determined to 1 ppb, 1.7 ppb, and 7 ppb, respectively. All cases exceeding the threshold for at least one of the mentioned gases were rejected.
Results
Equilibration after chamber closure
For being able to perform flux measurements of up to six chambers with a high temporal resolution of about 1 h, our chamber system has been designed to operate with short measurement (closing) periods. Therefore fast equilibration of the chamber air after closing the lid is crucial. The time necessary for reaching the new dynamic equilibrium was investigated by analysis of measured time series (Sect. 3.1.1) as well as by numerical simulation studies (Sect. 3.1.2).
Definitions and exemplary observations
The equilibration of the chamber mixing ratio (µ cham ) for an inert trace gas is described by the differential Eq. (1). Its analytical solution is a first order exponential decay function:
The constant mixing ratio µ amb of the inflowing ambient air also represents the initial chamber concentration at t=0 (just before closing). The time scale τ cham =V /Q is the 1/e-response time of the exponential function and represents the mean residence time of air within the well-mixed chamber volume. For the standard purging rate Q=60 l min −1 used in this study, τ cham results in 41.4 s. For a reasonable approximation of the "full" equilibration, we will use the time interval for 98% approximation (t 98 ), which equals 162 s in the present case, and corresponds to about 4×τ cham . A direct observation of the equilibration process for the trace gas concentrations in the chamber is hardly possible with our measurement setup, due to the delay effects introduced by the sampling tube, the pump (see Fig. 4a ), and due to limited response times of the analysers. However, the temporal development of the equilibration is also reflected in the chamber air temperature, which is recorded without any time delay. A typical example for the measured chamber air temperature before and after lid closure is shown in Fig. 6 . An exponential fit to the data yielded values of τ cham =40.9 s and t 98 =160 s, nearly identical to the values derived from residence time considerations above. The displayed example was chosen for its large temperature change but similar response times could be observed for almost all field measurements.
Time series of trace gas concentration measurements in the field are shown in Fig. 5b-d . The equilibration process after lid closure is generally not visible in the data, because the respective time periods are used to sample ambient air (partly of the previous chamber, see Fig. 5a ). The observed concentration changes are due to switching between ambient and chamber air sampling. They show response times (t 98 ) of 30 s to 60 s that do not represent the chamber equilibration but mainly result from the delay effects mentioned above. For that reason, data obtained within in the first 100 s after valve switching were generally discarded from data evaluation (effective averaging intervals are indicated as grey bars in Fig. 5b ).
Simulations
Chamber equilibration characteristics for reactive trace gases may not only depend on chamber geometry and purging flow. The influence of net chemical sources (see Sect. 2.1.3) and of the individual surface exchange flux has also to be considered. In order to investigate and illustrate these influences simulation studies for NO, NO 2 , and O 3 were conducted. The temporal development of the trace gas mixing ratios is described by Eq. (10) with the net chemical source S gp as defined in Eqs. (8) and (9). Since S gp itself is a function of the mixing ratios of the three reactive trace gases, Eq. (10) can not be solved analytically but was used for numerical integration with a time step of 1 s.
Selected simulation results are summarised in Fig. 7 . They show the temporal development of the NO mixing ratio after chamber closure (at t=0 s) depending on individual controlling parameters. For each equilibration curve t 98 is indicated. The simulations in Fig. 6a and b were calculated without any gas-phase chemistry and thus represent the basic case of an inert trace gas. As expected according to Eq. (12), t 98 increases proportionally with Q in Fig. 7a , which corresponds well with experimental findings of Suh et al. (2006) and simulation studies of Gao and Yates (1998) . In contrast, t 98 is independent from the NO emission flux (Fig. 7b) . As mentioned above, a high purging rate (Q=60 l min −1 ) was chosen as operational standard for the field experiments in order to achieve the desired short measurement intervals. This purging rate was also used for the simulations shown in Fig. 7b-d . For the inert case (Fig. 7b) , it results in a t 98 value of 162 s, equal to the analytical solution in the preceding section. When chemical reactions are included (µ cham (O 3 ) =0), the equilibration time is not constant anymore, but varies with the concentration of the reactant O 3 (Fig. 7c) and/or also with the NO emission flux (Fig. 7d) . However, even for extreme cases within the chosen parameter range, t 98 is only moderately increased and does not exceed 200 s. The curve for F cham (NO)=0.71 nmol m −2 s −1 in Fig. 7d represents a special case, in which the NO soil emission is just counterbalanced by the chemical reaction of NO with O 3 leading to an almost constant NO mixing ratio with time. It should be noted, that for NO emissions less than 0.71 nmol m −2 s −1 , µ cham (NO) becomes smaller than µ amb (NO) and hence the concentration difference changes sign in Eq. (11). Consequently, the flux evaluation without considering net gas-phase sources (i.e. applying Eq. 2 instead of Eq. 11) would lead to the wrong result of negative chamber fluxes (i.e. NO deposition). The concentrations of O 3 and NO 2 (not shown) generally revealed a time response very similar to that of NO. Based on the simulation results the time between lid closure and the start of sampling of the chamber air was set to at least 4 min (see Fig. 5a ), which is well above the maximum of simulated equilibration times.
3.2 Modification of the turbulent transport by the chamber 3.2.1 Purging resistance R purge and mixing resistance R mix In order to estimate and, if necessary, to correct for the effect of the chamber on the aerodynamic transport of trace gases (see Fig. 1b and Eq. 5), the resistances R purge , R mix , and R * b had to be quantified for representative conditions. According to the rules of the resistance analogy, R purge is implicitely defined by:
Comparison of Eq. (13) with Eq. (2) yields R purge =A/Q=100 s m −1 . The air within the chamber volume is mixed by the purging air flow and additionally by two large mixing fans (see Fig. 2 ). R mix was studied by measuring the air movement within the (empty) chamber volume using a hot-wire anemometer. Figure 8 Supposing an internal re-circulation of the chamber air with this velocity, its inverse value may be used as an estimate for R mix (≈1.5 s m −1 ). This low value indicates a very efficient mixing of the chamber air, which was also demonstrated in laboratory experiments (not shown), where smoke was added to the inlet of a chamber. It was observed that the entire chamber volume became filled with smoke within less than 2 s. These results show that R mix is very small in comparison to R purge (100 s m −1 ) and to the other relevant resistances (see next Section). It is therefore generally neglected in the following evaluation. The effective mixing of chamber air, even inside a dense vegetation canopy, is demonstrated by measurements of the O 3 mixing ratio within a closed chamber on a mature clover plot (canopy height ≈0.2 m, LAI=5). It was measured at two heights, one above (at 26.5 cm) and the other deep in the clover canopy (at 2.5 cm). The results, in form of a regression analysis, are shown in Fig. 9 . The O 3 mixing ratio in the canopy was on average only 8% lower than in the headspace above the canopy, indicating reasonably well mixed conditions even with dense vegetation present. by high wind speeds and/or strong convection). The effective value of R * b during applications with grass vegetation is difficult to quantify. However, it can be approximated or at least constrained by indirect approaches. Using a saturated potassium iodide (KI) solution (representing an ideal sink for ozone, i.e. R c ≈0), R * b was determined from ozone deposition experiments in the laboratory (see Galbally and Roy, 1980; Ludwig, 1994; Gut et al., 2002b) . A petri dish (23 cm dia.) filled with saturated KI solution was placed at the bottom of an otherwise empty chamber. The measurements under standard operation conditions showed a total deposition resistance R purge +R mix +R * b +R c =185 s m −1 (related to the chamber surface area). Since both, R c and R mix , are supposed to be negligible and R purge equals 100 s m −1 (see above), the boundary layer resistance for a flat liquid surface in an empty chamber is estimated to R * b (liq. surface)=85 s m −1 . The obtained value is higher than the one reported by Gut et al. (2002b) for a smaller chamber and lower than the result of Galbally and Roy (1980) for a much larger chamber. Galbally and Roy (1980) only reported results for (R mix +R * b ), but due the strong mixing in their chamber, R mix is supposed to be negligible, too.
According to our chosen laboratory setup, the obtained value for R * b is only representative for deposition to a flat surface, e.g. smooth bare soil. With the presence of vegetation in the chamber, the effective surface area for trace gas deposition is much larger, and consequently R * b is assumed to be reduced according to the leaf area (see Galbally and Roy, 1980) . The effect of vegetation in the chamber on R * b can be constrained by specific field observations. For a trace gas with zero compensation point like ozone, the combination of Eqs. (4) and (13) and neglecting R mix yields:
In order to use Eq. (14), the value of R c (O 3 ) has to be known a priori, which is generally not the case for field measurements. Yet, a constraint for R c (O 3 ) is provided by Wesely (1989) (14), R * b is estimated to 22±9 s m −1 (with R purge =100 s m −1 , Sect. 3.2.1). This value is about four times smaller than the result for a smooth ground surface as derived above. A very similar reduction of R * b was also observed by Galbally and Roy (1980) between smooth surfaces and grassed sites. In order to combine and reconcile the two constraining results for R * b we propose the following parameterisation as a function of the leaf area index:
For the field measurements with LAI=5, this function yields a resistance of 17 s m −1 which is close to the observed value resulting from Eq. (14).
Temperature and humidity conditions in the chamber
Similar to the ozone mixing ratio, temperature and humidity conditions in the chamber headspace are also determined by the relative magnitude of the chamber resistances (Fig. 1b) . Since R * b was found to be generally smaller than R purge (and R c for temperature transfer is zero), the temperature inside the chamber is expected to be closer to the leaf temperature than to the ambient temperature. In Fig. 11a measurements of air temperature in the headspace of the chamber are compared for closed and open chamber conditions. The data obtained in the open chamber are considered to represent ambient conditions. The temperature within the closed chamber deviates from the ambient temperature by −1 to +6 degrees, with an increasing trend towards higher temperatures. As shown in Fig. 11b this can be explained by the effect of global (shortwave solar) radiation that heats the leaf surfaces. Similar to trace gases, the observed difference between chamber and ambient air qualitatively indicates the sensible heat flux from the vegetation to the atmosphere, although it may be confounded by interaction between the radiation and materials of the chamber. It is known from micrometeorological studies (see Oke, 1987) , that -particularly for fully developed and dense vegetation canopies -a large part of the available radiation energy is transferred into latent heat, i.e. transpiration and evaporation of water leads to a flux of water vapour into the atmosphere. Consequently, the water vapour flux from the grass vegetation enclosed by the chamber implies a difference between the chamber and ambient H 2 O mixing ratios (Eq. 2). According to the resistance concept (Fig. 1b) , the H 2 O mixing ratio within the chamber lies between the saturated conditions in the leaf stomata (depending on leaf temperature) and the respective ambient mixing ratio. The relation between chamber and ambient H 2 O mixing ratios measured at the Rümlang field site during August/September 2004 are shown in Fig. 11c . The resulting difference, which is proportional to the water vapour (latent heat) flux, is linearly related to the global radiation (see Fig. 11d ) like the air temperature difference.
Modification of NO 2 photolysis in the chamber
The correct calculation of surface exchange fluxes for NO, NO 2 and O 3 has to consider the contribution of fast chemical gas phase reactions according to Eqs. (8) to (11). For this purpose, the photolysis rate j (NO 2 ) within the chamber volume needs to be known. It is measured as an omni-directional actinic UV radiation flux. However, during our field experiments, a j (NO 2 ) sensor (filter radiometer, Meteorologie Consult GmbH, Königstein, Germany) was only available for a few weeks. Therefore, we tried to relate the j (NO 2 ) signal (inside and outside of the chamber) to the ambient global radiation, for which continuous measurements are available at our field sites. In a 5-week (18 May-26 June 2007) campaign at the Oensingen site, j (NO 2 ) was measured for 5 days within a closed dynamic chamber and for 30 days outside the chamber. Figure 12 shows the corresponding results as a function of the simultaneously measured global radiation (G). For both, j (NO 2 ) inside and outside the chamber, a clearly non-linear relationship was observed that could be fitted well by 2nd order polynomial functions (coefficients are given in the figure caption). The relationship for the closed chamber was generally used for the calculation of the net chemical sources of NO, NO 2 and O 3 in Eqs. (8) and (9). For cases where measurements of ambient j (NO 2 ) are available, the transmissivity of the chamber walls for j (NO 2 ) related radiation (black dashed line in Fig. 12 ) was calculated as the ratio of both fitted polynomials. The transmissivity varies between 0.4 and 0.5 and can be described as a linear function of G (see figure caption) .
Flux measurements on small grass plots
As part of the Rümlang experiment the dynamic chamber system was installed on several small scale plots (3×6 m), which were sown with different plant species and received different fertiliser amounts (see Sect. 2.3). Our main focus was the determination of NO, NO 2 , and O 3 exchange fluxes and their dependence on the management options. Figure 13 shows exemplary results of dynamic chamber flux measurements on two White clover plots and of the blank chamber operated in parallel for a one-week period (21-27 September 2004). The highly fertilised plot #1 was characterised by an LAI of 3.3 at the time of the displayed measurements; the weakly fertilised plot #2 was characterised by an LAI of 2.3. As indicated by the time series of ambient air temperature and global radiation observed at the site (Fig. 13f) , there were fair weather In both cases, a 2nd order polynomial was fitted to the corresponding data points resulting in:
+6.40×10 −6 G (grey solid line, R 2 =0.95, n=227). The photolysis related chamber transmissivity α=j (NO 2 ) cham /j (NO 2 ) amb (black dashed line) was calculated as the ratio between the two polynomial fit curves and can be parameterised as a function of G: α=−10 −4 G+0.49.
conditions in the first half of the displayed period, followed by a significant decrease in both quantities. The observed CO 2 exchange fluxes (representing the physiological activity of the vegetation) closely followed the course of the solar radiation for both clover plots (Fig. 13b) . During daytime, plot #1 showed slightly higher photosynthesis rates (larger negative CO 2 fluxes) than plot #2, which can be explained by the higher LAI of plot #1. The CO 2 fluxes of both plots were within a reasonable range for managed grassland ecosystems (see e.g. Ammann et al., 2007) indicating representative conditions for plant growth inside the chamber. The difference between the two plots concerning the NO flux was much more pronounced (Fig. 13c) . While the NO fluxes of plot #2 were not significantly different from zero, highly significant NO emissions were observed for plot #1 with values mostly above 1 nmol m −2 s −1 . While emission processes (e.g. for NO) and the exchange of CO 2 are supposed to be hardly affected by the modification of turbulence resistances of the dynamic chamber (see Sect. 2.1.2), this effect has to be considered for the purely diffusion-limited deposition processes for ozone and NO 2 . For these compounds the measured chamber flux F cham may deviate from the true ambient deposition flux (cf. Eq. 5), and thus the corresponding surface resistance R c represents the more relevant result of the chamber measurements. Assuming a zero compensation point and neglecting R mix , Eq. (4) can be rearranged to:
with F cham determined according to Eq. (11). The resulting surface resistance values are plotted in Fig. 13d -e in their inverse form, i.e. as surface conductances 1/R c (O 3 ) and 1/R c (NO 2 ). This is graphically more suitable, because cases corresponding to zero fluxes appear as zero conductance values instead of very large or infinite resistances. Like for the photosynthetic CO 2 uptake, the surface conductance for O 3 and NO 2 is generally lower for plot #2 than for plot #1. This observation can again be attributed to the higher LAI of plot #1. The blank chamber operated in the field experiment alongside with the regular sampling chambers serves as a check for the proper operation of the system and for the estimation of the effective uncertainty of the chamber fluxes. Ideally, the blank chamber flux is supposed to be zero, which is not always the case as shown in Fig. 13a -e. Statistical characteristics of the blank chamber fluxes measured during the Rümlang field campaign and corresponding results for methanol from the Oensingen experiment are listed in Table 3 . The scatter of individual blank chamber fluxes is characterised by corresponding 10% and 90% quantiles (q 10 and q 90 ) of the entire dataset. Except for NO, the range between q 10 and q 90 values is as high as 20% of the corresponding flux range observed by the regular chambers. The variability of the blank chamber fluxes is mainly caused by the non-stationarity of ambient trace gas concentrations during the individual measurement interval. In contrast, the overall means of the blank chamber fluxes are very small (Table 3 ). Yet, except for NO and NO 2 , they are significantly different from zero as indicated by the corresponding uncertainty range. A detailed assessment of the overall uncertainty of flux measurements with our dynamic chamber system will follow in Sect. 4.5.
Comparison with eddy covariance measurements on the field scale
A basic requirement of any chamber system to be applied on vegetated surfaces is to ensure a normal (unmodified) physiological behaviour of the enclosed plants. In order to investigate the influence of our dynamic chambers on diurnal plant physiological processes, we compared dynamic chamber derived CO 2 and methanol fluxes with corresponding eddy covariance fluxes for a time period of six days (Fig. 14) . The latter represent field scale measurements that integrate over a larger area of the investigated grassland field without affecting the vegetation and thus are supposed to represent average undisturbed fluxes. The gaps in the eddy covariance data result from failures of the corresponding trace gas analyser (e.g. 8 July for methanol) but also from methodological problems during calm night time conditions (cf. Ammann et al., 2007) . The gaps in the chamber data are due to the rejection of data obtained under high non-stationarity of ambient mixing ratios (Sect. 2.3).
Generally, an excellent agreement between chamber and eddy covariance fluxes was observed. The dynamic chamber system is able to detect the characteristic diurnal cycles with a sufficient temporal resolution. Both the CO 2 and the methanol fluxes largely follow the course of the global radiation (G). Even the short-term variability of G is reflected in the chamber flux time series (e.g. on 7 July). With respect to the positive CO 2 fluxes during night (representing soil and plant respiration) the dynamic chamber fluxes tend to be slightly lower compared to eddy covariance fluxes. This may be explained by the limited spatial representativeness of the two chambers and by a large small-scale variability for the soil respiration (compared to photosynthesis).
Discussion
Requirements for dynamic chamber measurements
The main requirements for any dynamic chamber measurement are (a) minimal modification of the target trace gas exchange by the application of the chamber; (b) mixing ratio differences between ambient and chamber air large enough that they can be detected by the available instruments for the encountered range of the target trace gas fluxes.
Beside these general requirements, several specific requirements have additionally been set for the applied system: (c) applicability on low vegetation (in particular grassland);
(d) possibility for long-term unattended application (monitoring);
(e) surface flux measurements with high temporal resolution (approx. 1 h);
(f) parallel operation of several chambers to measure e.g. differences between manipulation plots or to assess the spatial heterogeneity of a site;
(g) simultaneous observation of surface exchange fluxes of various reactive and non-reactive trace gases.
The ability of our dynamic chamber system to meet these requirements will be discussed in comparison to other systems reported in the literature.
Minimised modification by the chamber
Fulfilment of requirements (a) and (c) by our chamber system implies a minimised disturbance of the plant physiological activity of the enclosed grassland vegetation. In order to achieve this target, the chamber frame and wall was constructed of highly transparent materials (particularly for photosynthetic active radiation, PAR). Together with our choice of a high purging air flow rate, they provide for a nearly undisturbed photosynthesis within the chambers as documented by the excellent agreement of CO 2 fluxes measured by dynamic chambers and by eddy covariance (Fig. 14a) . The slight reduction of PAR (about 14%) due to the chamber walls is only of minor importance because the photosynthesis rate of grassland vegetation exhibits non-linear saturation effects already at low to medium PAR levels (Ammann et al., 2007) . Thus the PAR reduction should only have an under-proportional effect on photosynthesis (mostly <5%). Furthermore, the good agreement of the methanol fluxes (Fig. 14b) , which are supposed to be strongly controlled by stomatal conductance (see e.g. Harley et al., 2007) , indicates the low impact of the (closed) chamber on the plant physiological activity of the grassland vegetation.
Fulfilment of requirement (a) does not necessarily imply that the environmental conditions (temperature, humidity, trace gas mixing ratios) in the chamber headspace must be very close to the ambient conditions outside the chamber. According to the resistance scheme displayed in Fig. 1 and the corresponding results in Sect. 3.2, the chamber headspace conditions represent an intermediate state within the resistance chain rather than ambient conditions. The exchange of chamber air by the purging air flow is generally slower than the mixing inside (enforced by the two mixing fans), and thus the properties of the equilibrated chamber air (especially the air temperature, see Fig. 11 ) are closer to leaf surface conditions than to ambient air conditions. Therefore, the chamber volume may be considered as an enhanced canopy or leaf boundary layer.
As discussed in Sect. 2.1.2, deposition fluxes are generally more affected by modified turbulence in the chamber than emission fluxes. However, the proposed resistance concept allows for a quantitative description and correction of this effect (cf. Eq. 5). Our resistance concept differs somewhat from that introduced by Ludwig (1994) , where the purging process was not included (instead µ cham was considered as a modified ambient mixing ratio). The advantage of the present concept is that it relates the modified chamber flux to the original undisturbed ambient mixing ratio. For deposition processes, the surface resistance R c can be determined by Eq. (16) from the chamber flux measurements with known values of the chamber related resistances R * b and R purge . Dry deposition models (Wesely and Hicks, 2000) usually need R c values for each individual trace gas depending on the surface type and vegetation cover. Corresponding results from the Rümlang site (Fig. 13) show a higher conductance 1/R c (i.e. lower R c ) for O 3 and NO 2 on the plot with higher LAI. This observation can be attributed to the increasing number of stomata (proportional to the leaf surface) available for the uptake of trace gases. The generally lower conductance (higher R c ) for NO 2 compared to O 3 may be an indication for the existence of an additional mesophyll resistance (cf. Wesely, 1989; Gut et al., 2002b) for the NO 2 uptake within the leaf.
Long-term applicability with high temporal resolution
For long-term unattended application of the dynamic chamber system (requirement (d)), possible influences of the chambers on the enclosed vegetation was further minimised by using automated movable lids that are kept open outside the actual flux measurement intervals. In this way, the chambers remain open for about 80% of the entire duty time. Consequently, during our field experiments with this chamber system over full growing seasons (not shown) we could not identify any visual difference between the vegetation enclosed by the chambers and the surrounding vegetation, neither with respect to canopy height nor density. Operation failures of the chamber system were rare and reduced the data coverage by only 10-15%. With the long open-state periods of the chambers also the exclusion of rainfall is small.
For long-term measurements, a representative water supply to the enclosed soil area is crucial. In an earlier study with long-term fixed chambers without lids (Gut et al., 2002a; Kirkman et al., 2002) , this problem was solved by installing a rain collecting funnel on top of each chamber (with similar cross section area), from which the rain was directed into the chambers. For a further optimisation of the present system, an on-line rain sensor signal might be used to force the chambers to remain open during significant rain events, as proposed by Butterbach-Bahl et al. (1997) . It may be argued that the moving of the entire chamber (except for the soil frame) away from the investigated surface area (as e.g. used on forest floor by Pilegaard et al., 2003) would be better than just opening the chamber lid. Yet this solution is hardly practical Williams et al. (1987) ; e see also Meixner (1994) ; f empirical method after Kaplan (1988) using equilibration rate; g negligible; h continuous flushing, funnel on top for rain collection.
for dense and delicate grassland vegetation; it would likely be damaged irreversibly by frequent moving of the entire chambers.
While long-term applicability of the chamber system is necessary for monitoring entire seasonal cycles of trace gas fluxes and for deriving representative annual budgets, a high temporal resolution (requirement (e)) is essential for the detection and analysis of diurnal cycles as well as short term weather induced (e.g. rain, freezing/thawing) or management induced (e.g. fertilisation, harvest) emission pulses and variations. With the parallel operation of several chambers (requirement (f)) a one-hour resolution was achieved by a short flux measurement interval of only 10 to 12 min per individual chamber (Fig. 5) . In the first four minutes of this interval, ambient air at the chamber inlet was sampled while the chamber was already closed and allowed to equilibrate. The experimental results and theoretical considerations in Sect. 3.1 give evidence that this time is always sufficient for an adequate equilibration (>98%) of temperature and trace gas mixing ratios within the chamber under the chosen purging rate. This also applies to fast reacting gases like O 3 and NO as found by the extensive simulation studies (Fig. 7) .
In Table 4 the characteristics of our chamber system are compared to other dynamic chamber systems reported in literature for the measurement of soil NO emission from various ecosystems. Many of the chambers were operated manually and thus could be applied in the field only during either intensive short campaigns or with a very low time resolution in the order of weeks (often with long closure times). In addition, some of the chambers (applied to bare soil e.g. in forests) used opaque wall materials that are not suitable to study trace gas exchange of vegetation.
Choice of purging flow rate
For a given trace gas analyser, flux measurements by the dynamic chamber method are generally limited by the minimum detectable mixing ratio difference between chamber and ambient air (see Eq. 2 and requirement (b)). This mixing ratio difference is inversely proportional to the purging air flow rate (Q). The relation is illustrated in Fig. 7a : the vertical span of each curve between the start point and the equilibrium state corresponds to the difference (µ cham − µ amb ) for the respective Q value. On the other hand, Fig. 7a also shows the strong reduction of the equilibration time with increasing Q (in favour of requirement (e)). Another argument for a high purging flow are empirical findings by several authors, who report significant underestimation of soil emission fluxes of NO (Ludwig, 1994; Butterbach-Bahl et al., 1997; Gut et al., 1999) and of gaseous elemental mercury (Lindberg et al., 2002) under low purging rates. Thus the choice of the purging air flow rate is usually a compromise between different partly conflicting requirements (flux detection limit vs. time response and modification of turbulence resistances) for the chamber system.
The standard purging rate Q=60 l min −1 used in this study was chosen high enough to keep the mean residence time of the chamber air below one minute (τ cham =41 s). This value is in the lower range of residence times reported in the literature (between 17 s and 24 min, see Table 4 ). It guarantees a fast equilibration after closing the lid and allows an hourly measurement cycle with up to six chambers. A further increase of Q was considered as unnecessary and would have made the flux detection more difficult (due to a smaller mixing ratio difference µ amb − µ cham ). For other applications with different requirements and limitations, it may be adequate to choose a different purging flow. Aeschlimann et al. (2005) , for example, used a slower purging flow rate during night than during day for imitating the diurnal variation of the aerodynamic resistances at ambient conditions. Such a feature could be easily implemented in the control program of our dynamic chamber system.
Although a certain pressure difference between outside and inside of the closed chamber is an inherent consequence of the purging flow, a too high flow rate in combination with small inlet/outlet orifices would cause a significant pressure difference that may influence the gas exchange with the soil (Gao and Yates, 1998) . For our chamber system, the pressure difference was carefully checked by a sensitive differential pressure sensor (Honeywell DC2R5BDC4, range: ±0.25 kPa) at various positions within the closed chamber in standard operation mode. It was found to be generally less than 2 Pa.
Significance of gas phase chemistry
It has been pointed out in Sect. 2.1.3 that chamber flux measurements of reactive compounds like NO, NO 2 , and O 3 have to consider the chemical gas phase reactions inside the chamber. In order to illustrate the significance of gas phase chemistry, part of the chamber fluxes of NO, NO 2 , and O 3 , corresponding to the results in Fig. 13 , are compiled in Fig. 15 with a graphic indication of the respective gas phase reaction effect. A vertical line attached to each flux data point represents the contribution of the term 1/A × S gp in Eq. (11). Its absolute and relative magnitude depends on various factors. For the blank chamber, the effect is generally very small, which indicates that the ambient mixing ratios (which are very close to the respective blank chamber mixing ratios) for the three trace gases are already close to a photochemical equilibrium (i.e. the equilibrium between Eqs. 6 and 7). In the chamber on plot #2 (small NO emission), this situation is only marginally modified by the deposition of O 3 and NO 2 leading to reduced mixing ratios in the chamber. However, for plot #1 with strong NO emission, the addition of NO to the ambient and especially to the chamber air leads to an enhanced deviation from the photochemical equilibrium. Therefore the gas phase term can get quite large (up to 1 nmol m −2 s −1 ). Even for cases with a large absolute chemistry effect, its relative magnitude is generally less than 50% of the NO and O 3 chamber fluxes. However, for the smaller NO 2 fluxes, the chemical source term has a much larger relative effect. It can amount to more than two times the absolute value of the chamber flux meaning that an omission of the chemical source would even result in a wrong flux direction (NO 2 emission instead of deposition), as demonstrated in Fig. 15 for plot #1.
These results show, that fast gas phase reactions of NO, NO 2 , and O 3 have to be included in the calculation of each individual chamber flux. This necessitates the simultaneous measurement of all three trace gases, even if only one of them is of specific interest. Figure 15 also shows that the gas phase reaction term can differ significantly between chambers of neighbouring plots and in comparison to the blank chamber, because it depends on the local ambient mixing ratios and on the specific emission or deposition fluxes in the chamber. Thus it is in general not possible to quantify the contribution of chemical reactions based only on blank chamber measurements. For the investigation of soil NO emissions, gas phase reactions can be avoided by purging the chamber with zero air (see Table 4 , e.g. Parrish et al., 1987; Williams and Davidson, 1993; Kitzler et al., 2006) . However, in this way the exchange of other trace gases may be highly affected and can not be studied simultaneously. Furthermore, potential NO deposition fluxes can not be observed. They occur if the ambient NO mixing ratio exceeds the NO compensation mixing ratio in the soil (Conrad, 1994 (Conrad, , 1996 Gut et al., 1999) .
Assessment of overall flux uncertainty
The statistical uncertainty of flux measurements by the dynamic chamber method mainly depends on the uncertainty, with which the (average) trace gas mixing ratios of chamber and ambient air (and consequently their difference) can be measured. It is important to note in this context, that the observed mixing ratio difference in the field is often not limited by the precision of the trace gas analysers (Table 2) , but rather by the temporal variability of the ambient concentration during a measurement interval (cf. Sect. 2.3). In particular, reactive (short-lived) compounds like O 3 , NO, NO 2 , and VOC, which are the main target compounds for dynamic chamber measurements, may show large variability of ambient mixing ratio due to spatially varying sources (e.g. traffic). This effect is illustrated by the variability of blank chamber fluxes observed in the Rümlang field experiment (see Figs. 12 and 14) . The random-like variability of the blank chamber fluxes is characterised by the range between the 10% and 90% quantiles in Table 3 . The same effect is expected to apply to the fluxes of the regular chambers. Therefore, the observed variability of the blank chamber fluxes represents a measure for the uncertainty (detection limit) of individual flux measurements. For some trace gases, a considerable relative uncertainty of individual chamber fluxes is observed (see e.g. O 3 and CO 2 in Table 3 ). Yet due to its random-like nature, it is efficiently reduced by any averaging procedure like temporal averaging or spatial averaging over parallel chambers.
Beside random-like errors, systematic errors may also add to the uncertainty of the fluxes. They can result from unknown or not adequately considered chemical reactions in the chamber headspace, for example the reaction of NO with the HO 2 and RO 2 radicals (see Aneja et al., 1995) , which have not been measured here. Moreover, emission or deposition processes at the inner chamber walls (e.g. sorption processes or heterogeneous reactions at dirty or wet surfaces) may represent additional sources or sinks for target trace gases and thus may bias the intended biosphere-atmosphere exchange measurements. However, such systematic effects can also be checked by blank chamber measurements. For this purpose, the mean (temporally averaged) fluxes listed in Table 3 have to be considered. For NO and NO 2 , the mean blank chamber flux was not significantly different from zero and thus no systematic error needs to be taken into account. For ozone and methanol, however, significant negative biases of −0.54 and −0.07 nmol m −2 s −1 , respectively, were observed. They may be attributed to deposition to the chamber walls (see Meixner et al., 1997) . The surface conductance 1/R c (O 3 ) in the blank chamber (Fig. 13d) tends to increase towards the end of the period, which can be explained by the rainy weather leading to wet inner wall surfaces. The latter effect is also reflected in the positive water vapour fluxes of the blank chamber indicating evaporation of collected rain or condensation water. A positive unambiguous attribution of systematic biases to a defined source/sink effect is generally difficult and has to be examined individually for each trace gas and chamber application. In the present case, the small but significant negative CO 2 offset can hardly be explained by wall deposition. Alternatively, it might have been caused by analytical problems or by solution of CO 2 in condensation water. Without a clear explanation, the systematic biases (mean blank chamber fluxes) in Table 3 have to be considered as systematic uncertainty of the chamber fluxes.
Conclusions
The presented laboratory tests and field applications show that the newly designed dynamic chamber system is well suited for surface exchange flux measurements of various reactive and non-reactive trace gases on grassland ecosystems. Beside the six trace gases presented here, our chamber system is supposed to be applicable for a large number of other compounds, e.g. for other VOC species that can be detected by the PTR-MS (cf. Davison et al., 2008; Rottenberger et al., 2008) , for elemental mercury (Lindberg et al., 2002) , or for sulphur compounds (Kuhn et al., 1999) . For long-term automated applications of the chamber system on vegetated surfaces, the most important characteristic is the minimal disturbance of plant physiology and growth. L. Pape et al.: Dynamic chambers to study trace gas exchange of grassland Appendix B
Derivation of dynamic chamber flux formula
For any chamber system, the flux F cham of an inert trace gas (no chemical reaction with other air constituents or with the chamber walls) between the plant-soil system and the chamber air is determined by the mass balance of the enclosed volume V (e.g. Gao and Yates, 1998) :
where c cham is the average absolute concentration (molar density) of the target gas within the chamber volume V and A is the soil surface area enclosed by the chamber. Q in and Q out are the volumetric air flow rates and c in and c out the absolute trace gas concentrations of the incoming and outgoing air, respectively. While for a static chamber the air exchange is inhibited (making the Q-terms vanish), dynamic chambers are operated with a continuous purging of the chamber air leading to a steady-state equilibrium where the concentrations get time-independent and the time derivative in Eq. (B1) vanishes. Thus for a dynamic chamber in equilibrium conditions, the equation can be rearranged and reduced to:
The (standard) volumetric flow rates Q in and Q out are supposed to have similar values but are not fully equal in general. This is because of potential differences in temperature, pressure, and in the water vapour content (due to the formation of water vapour by evapotranspiration) of the inflowing and outflowing air. In order to account for these effects, the absolute concentration c has to be transferred to a mixing ratio µ relative to dry air:
Here ρ d denotes the density of the dry air molecules (disregarding the water vapour molecules). Applying Eqs. (B2) to (B3) results in
Q out ×ρ d,out and Q in ×ρ d,in represent the flow of dry air molecules out of and into the chamber. According to mass conservation rules, these two terms have to be equal since there is no source or sink for dry air molecules within the chamber. Thus Eq. (B4) can be reduced to:
The deviation introduced e.g. by using Q out instead of Q in would be very small and purely relative (below 2%). Therefore, for the sake of simplicity, the subscript "in" for Q is omitted in the manuscript (see Eq. 1) and following, and the equation for the dynamic chamber flux of an inert trace gas finally results in:
The important feature in this equation is comprised in the use of the mixing ratio relative to dry air (µ) instead of using absolute concentrations or a mixing ratio relative to the total wet air. The effect is analogous to the considerations by Webb et al. (1980) for micrometeorological flux measurements (see also Ammann, 1998) . The normalisation to dry air is particularly important for trace gases with a high background concentration like e.g. For the practical application of Eq. (B6) it should be noted that the air flow rate Q is often measured by mass flow meters that yield the volumetric flow for "standard conditions" (temperature: 273 K, pressure 1013 hPa). If these values are used, the dry air density has to be normalised to standard conditions as well.
Considering the origin of the inflowing air (ambient air near chamber inlet) and of the outflowing air (chamber volume), the mixing ratios are denoted accordingly: µ in =µ amb and µ out =µ cham . (see Fig. 1a and Sect. 2.1.1). For describing the temporal development of the equilibration process in the dynamic chamber after closing (before reaching the equilibrium state), one has to go back to the complete mass budget Eq. (B1). In order to formulate it in terms of mixing ratios, the derivation in Eqs. (B3-B6) have to be inserted back into Eq. (B1). This results in the following differential equation for the mixing ratio in the chamber:
Here µ amb represents the constant (time-independent) trace gas mixing ratio of the inflowing ambient air and also the initial chamber concentration at t=0 before closing.
